Correspondence: Rohini Muthuswami (rohini m@mail.jnu.ac.in) ATP-dependent chromatin remodeling proteins use the energy released from ATP hydrolysis to reposition nucleosomes in DNA-dependent processes. These proteins are classified as SF2 helicases. SMARCAL1, a member of this protein family, is known to modulate both DNA repair and transcription by specifically recognizing DNA molecules possessing double-strand to single-strand transition regions. Mutations in this gene cause a rare autosomal recessive disorder known as Schimke Immuno-Osseous Dysplasia (SIOD). Structural studies have shown that the ATP-dependent chromatin remodeling proteins possess two RecA-like domains termed as RecA-like domain 1 and RecA-like domain 2. Using Active DNA-dependent ATPase A domain (ADAAD), the bovine homolog of SMARCAL1, as a model system we had previously shown that the RecA-like domain 1 containing helicase motifs Q, I, Ia, II, and III are sufficient for ligand binding; however, the Rec A-like domain 2 containing motifs IV, V, and VI are needed for ATP hydrolysis. In the present study, we have focused on the motifs present in the RecA-like domain 2. Our studies demonstrate that the presence of an aromatic residue in motif IV is needed for interaction with DNA in the presence of ATP. We also show that the motif V is required for the catalytic efficiency of the protein and motif VI is needed for interaction with DNA in the presence of ATP. Finally, we show that the SIOD-associated mutation, R820H, present in motif VI results in loss of ATPase activity, and therefore, reduced response to DNA damage.
Introduction
The SWI2/SNF2 proteins, also known as ATP-dependent chromatin remodeling proteins, utilize the energy released from ATP hydrolysis to mediate myriad functions in the cell [1] [2] [3] [4] [5] . These proteins have been classified as helicases due to the presence of the conserved helicase motifs-Q, I, Ia, II, III, IV, V, and VI [6] . The crystal structure of Rad54 and Chd1, members of the protein family, has shown that these proteins, like other classical helicases, contain the two RecA-like domains-RecA-like domain 1 and RecA-like domain 2 [7] [8] [9] . Motifs Q, I, Ia, II, and III are present in RecA-like domain 1 while motifs IV, V, and VI are present in RecA-like domain 2. The two domains are separated by a linker region that can vary in length between the various members of the SW12/SNF2 proteins [10] .
Comparison of the crystal structures of SWI2/SNF2 proteins with that of SF1 and SF2 helicases has shown both similarities and differences [11] . For example, motifs I and II are highly conserved between SWI2/SNF2 proteins and other helicases but motifs Ia and III show some structural differences between the two classes of proteins [9, 11] . In case of RecA-like domain 2, motif IV is structurally conserved between the SWI2/SNF2 proteins and classical helicases but motifs V and VI show structural divergence [9] .
The role of helicase motifs in ligand binding and ATP hydrolysis has been characterized in both SF1 and SF2 helicases [12] . Motif I is important for ATP hydrolysis and in many cases also mediates ATP binding [13, 14] . Motif II, also known as Walker B box, is known to interact with magnesium ion. Motif III has been shown to function as a sensor for ATP hydrolysis [15, 16] . Motif IV has been shown to interact with the phosphate backbone of the DNA [17, 18] . Motif V has also been reported to interact with DNA while motif VI has been shown to interact with ATP in case of SF1 helicase [19] and with DNA/RNA in case of SF2 helicases [18, [20] [21] [22] .
In contrast, very less information is available about the role of these motifs in case of SWI2/SNF2 proteins. Mutational analysis of the Snf2 protein from Saccharomyces cerevisiae has shown conserved residues required for function in each of the motifs [23] . Studies with Active DNA-dependent ATPase A domain (ADAAD), the bovine homolog of SMARCAL1, had shown that the protein can bind to both DNA and ATP independently; however, binding of DNA induces a conformational change that allows ATP to bind with 10-fold higher affinity and similarly binding of ATP induces a conformational change that allows DNA to bind with higher affinity [24] . Mutational analysis showed that motifs Q and I are required for ATP hydrolysis but not for ATP binding [25] .
Human SMARCAL1, an annealing helicase that has role both in DNA damage response as well as transcription regulation, has been linked to Schimke Immuno-Osseous Dysplasia (SIOD) and analysis of three mutations, which map to RecA-like domain 1, present in these patients showed that these mutants cannot hydrolyze ATP [26] [27] [28] [29] [30] . Further, binding studies showed that upon binding to ATP, the mutants do not undergo the requisite conformational change and thus cannot bind to DNA with higher affinity [30] .
The role of the motifs present in the RecA-like domain 2 has not yet been characterized and therefore, the focus of this paper is to characterize the function of these motifs using ADAAD as the model system. We show that an aromatic residue in motif IV is needed for interaction with DNA. The motif V appears to a play a role in dictating the catalytic efficiency of the protein while motif VI is needed for interaction with DNA. Further, the major role of the motifs present in the RecA-like domain 2 appears to be in maintaining the conformational integrity but not the conformational stability of the protein. Finally, we have also characterized the SIOD-associated mutation, R820H, and show that this mutation leads to reduced DNA binding in the presence of ATP and therefore, loss in ATPase activity.
Methods

Chemicals
All chemicals used in the present study were purchased from either Merck or Sigma-Aldrich unless otherwise stated. The stem−loop DNA (slDNA: 5 -GCGCAATTGCGCTCGACGATTTTTTAGCGCAATTGCGC-3 ) as well as the primers (Supplementary Table S1 ) used for making the site-directed mutants were synthesized by Sigma-Aldrich. PCR enzymes, restriction enzymes, and Dpn1 were purchased from New England Biolabs (U.S.A.) and Merck (India).
Construction of site-directed mutants and protein purification
The plasmid, pCP101, containing the gene expressing ADAAD cloned between NdeI and XhoI sites of pET-14b, was used for creating site-directed mutations [24] . All the mutants described in the present study were generated by PCR amplification using specific primers and the mutations were confirmed by sequencing. E. coli BL21 (DE3) were transformed with these mutant plasmids for protein production. Protein expression was induced by 0.5 mM IPTG at 16
• C for 16 h. The cells were harvested by centrifugation at 5000 rpm at 4
• C and resuspended in lysis buffer containing 50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 150 mM MgCl 2 , 0.1% (v/v) Triton X-114, 0.2 mg/ml lysozyme, 10 mM β-mercaptoethanol, and 0.5 mM PMSF. The cells were incubated at 4
• C for 1 h and lysed by sonication (15 s ON and 45 s OFF; five cycles). After sonication, the cell debris was removed by centrifugation at 10000 rpm for 45 min at 4
• C. The supernatant, thus, obtained was loaded onto a Ni 2+ -NTA column. The column was washed with wash buffer (50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 150 mM MgCl 2 , 10 mM β-mercaptoethanol, 30 mM imidazole, and 0.5 mM PMSF) and the bound protein was eluted with buffer containing 250 mM imidazole, 50 mM Tris-Cl (pH 8.0), 5 mM MgCl 2 , 100 mM NaCl, and 5 mM β-mercaptoethanol. The eluted fractions were pooled together and dialyzed against dialysis buffer containing 20 mM Tris-SO 4 (pH 7.5), 20% (v/v) glycerol, 1 mM EDTA, and 50 mM K 2 SO 4 till the conductivity of the protein was same as that of the dialysis buffer. The dialyzed protein was loaded onto DEAE-sepharose ion-exchange column pre-equilibrated with dialysis buffer and purified fractions obtained were analyzed by SDS/PAGE. The concentration of the purified protein was determined using Bradford reagent. The purification of all the proteins reported in the present study is present in Supplementary Figure S1 . Each protein was purified at least three times and both binding and CD studies were performed with the independently purified protein to verify the data.
Fluorescence studies
Steady-state fluorescence titrations were assayed using Cary Eclipse fluorimeter. The protein was excited at 295 nm and the emission was measured at 340 nm. The binding data were fit to one-site saturation for the ligand and protein interaction. The following equation was used to calculate the dissociation constant (K d ):
where B max is the maximal binding, [L] is the ligand concentration, and K d is the dissociation constant.
The spectra were corrected for dilutions and inner filter effect. Care was taken to ensure that the volume of ligand added was equal or less than 10% of the starting reaction. As studied earlier, the ATPase activity of protein with ligands is negligible at 25
• C and in the absence of regeneration buffer [24] . Therefore, all the fluorescence studies showed the interaction between protein and ligands in the absence of ATP hydrolysis. Representative spectra are shown in Supplementary Figure S2 .
In the experiments involving saturating concentrations of either DNA or ATP, 2 μM DNA and 20 μM ATP were used to saturate 0.5 μM protein.
ATPase assay
NADH coupled oxidation assay was used to monitor the ATPase activity using 1.4 μg of protein in REG buffer containing 50 mM Tris-SO 4 (pH 7.5), 1 mM MgSO 4 , 5 mM β-mercaptoethanol, 10 mM phosphoenolpyruvate, and 150 μg/ml pyruvate kinase along with 2 mM ATP, 0.1 mg/ml NADH, and 10 nM stem-loop DNA in a 250 μl of reaction volume. The reaction was incubated for 15 min at 37
• C and the absorbance of NADH was measured at 340 nm using microplate spectrophotometer.
CD spectroscopy
Far UV CD spectra were obtained by Chirascan (Applied Photophysics) using a 1 mm cuvette. The reaction contained 0.1 mg/ml protein, reaction buffer (20 mM Tris-Cl (pH 7.5), 1 mM EDTA, 100 mM NaCl, 1 mM MgCl 2 , and 1 mM DTT), 20 μM ATP, and 2 μM DNA. Thermal data for all the mutants were obtained by changing the temperature from 25 to 90
• C and monitoring the CD curve. CD values are reported in terms of mean residue ellipticity (θ), and was calculated by the formula [θ] = (S × mRw)/(10cl), where S is the CD signal in millidegrees, mRw is the mean residue mass, c is the concentration of the protein in mg/ml, and l is the path length in cm.
In titration with ligands, 2 μM DNA and 20 μM ATP were used to saturate 0.1 mg/ml protein.
Immunofluorescence
For RNase treatment, HeLa cells were grown on a coverslip in a 35 mm culture dish. After attaining 50% confluency, cells were treated with 2 μM doxorubicin for 10 min followed by the washing of cells with 1× PBS (four times). Subsequently, cells were permeablized with 0.5% TritonX-100 in 1× PBS for 20 min at 4 • C. The cells were again washed with 1× PBS and treated with 1 mg/ml RNase for 20 min at room temperature. The cells were fixed with 1:1 methanol, acetone mixture for 10 min and permeabilized with 0.5% (v/v) Triton X-100. After permeabilization, the cells were washed with 1× PBS followed by blocking with 2% BSA at 37
• C for 1 h. The cells were again washed with 1× PBS and incubated with required amount of primary antibody in 2% BSA at 37
• C for 1 h. The cells were then washed with 1× PBS 3-4 times, incubated with a mixture of TRITC or FITC-conjugated secondary antibodies and DAPI/Hoechst 33342 at a dilution of 1:1000 in 2% BSA at 37
• C for 1 h. The cells were washed with 1× PBS and the coverslips containing cells were mounted on slides and observed in confocal microscope (Olympus) under 60× oil immersion objective.
To validate the involvement of DNA damage-induced ncRNA in the formation of 53BP1 foci, 2 × 10 5 HeLa cells were cotransfected with ShRNA targeting 3 -UTR of SMARCAL1 along with vector alone or construct expressing wild-type SMARCAL1 or construct expressing K464A mutant gene, or construct expressing R820H mutant gene. After 36 h, 2 μM doxorubicin was added in these cells for 10 min and ncRNA was isolated using mirVana microRNA Isolation Kit (Thermo Fisher Scientific, U.S.A.) according to the manufacturer's instructions. The isolated ncRNA was stored at −20
• C till further use. For ncRNA put back experiment, HeLa cells were grown on coverslips and treated with 2 μM doxorubicin for 10 min. The cells were washed with 1× PBS four times followed by its permeabilization with 0.5% TritonX-100 in 1× PBS for 20 min at 4
• C. The cells were again washed with 1× PBS and then treated with 1 mg/ml RNase for 20 min at room temperature. The cells were washed with 1× PBS 2-3 times and were incubated with 100 ng of ncRNA purified from the transfected cells as mentioned above for 1 h at room temperature. The cell were then washed with 1× PBS and processed for immunocytochemistry. The images were observed in confocal microscope (Olympus) under 60× oil immersion objective.
RNA isolation and qPCR
Total RNA was extracted from both untreated and treated (2 μM doxorubicin for 10 min) HeLa cells after cotransfecting the cells with ShRNA against 3 UTR region of SMARCAL1 and vector alone or construct expressing wild-type SMARCAL1 or construct expressing K464A mutant gene, or construct expressing R820H mutant gene. qPCR was performed as described previously [31] . The primers used for the qPCR experiments are provided in Supplementary  Table S2 .
Results
The ATPase domain of the SWI2/SNF2 proteins consists of two RecA-like domains. Motifs I, Ia, II, and III are present in RecA-like domain 1 while motifs IV, V, and VI are present in RecA-like domain 2. Functional analysis in SWI2/SNF2 proteins has shown that motifs IV, V, and VI were important for ATP hydrolysis as well as for function [23] . However, it is not known whether these motifs mediate conformational integrity, or whether they are involved in ligand interaction or whether they are required for ATP hydrolysis. Therefore, the roles of motif IV, V, and VI present in the RecA-like domain 2 in interaction with ligands (DNA and ATP) in SWI2/SNF2 proteins using ADAAD as model system have been analyzed in the present study.
The conserved phenylalanine of motif IV is required for both ATP and DNA binding in the presence of the other ligand
The motif IV of SWI2/SNF2 family contains a conserved phenylalanine residue ( Figure 1A ). Studies have shown that this motif is required for ATP-dependent binding of RNA substrates in SF2 helicases [32] . Therefore, the conserved phenylalanine (F507) in ADAAD was mutated to alanine as well as to tryptophan to understand the function of this aromatic residue in SWI2/SNF2 proteins. F507A was unable to hydrolyze ATP in the presence of stem-loop DNA, the preferred DNA effector for ADAAD; however, the ATPase activity was restored in case of F507W mutant underscoring the importance of the aromatic residue at position 507 ( Figure 1B) . However, tryptophan is not interchangeable with phenylalanine as calculation of the kinetic parameters showed that the K M for F507W was 3.5-fold higher than for the wild-type protein ( Figure 1C ; Table 1 ). Further, though the k cat did not change appreciably, the catalytic efficiency of F507W was 4-fold lower than that of the wild-type protein ( Table 1) .
To understand whether structural variations between F507A, F507W, and the wild-type protein were responsible for the differences in the ability to hydrolyze ATP, the global structure was probed using CD spectroscopy. CD analysis of the purified F507A and F507W mutant showed that the structure of both the mutants was altered as compared with that of that of the wild-type protein both in the absence and presence of ligands, suggesting that the conserved phenylalanine was required for maintaining the secondary structure of the protein ( Figure 1D -G) and cannot be replaced by another aromatic residue.
Next, the binding parameters were evaluated in order to understand the role of phenylalanine in ATP hydrolysis. Binding studies showed that F507A was able to bind to DNA in the absence of ATP with a K d value similar to the wild-type protein but the interaction with this ligand in the presence of ATP was impaired by 10-fold as compared with ADAAD (Table 2 ; Supplementary Figure S3A) . Similarly, the mutant protein was able to bind to ATP in the absence of DNA with a K d value comparable to the wild-type protein but the interaction in the presence of DNA was 3-fold weaker as compared with ADAAD (Table 3 ; Supplementary Figure S3B ). The binding of DNA in the presence 0.97
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0.87 of ATP in case of F507W was 3-fold weaker as compared with ADAAD suggesting that the interaction with DNA was partially restored in the presence of the aromatic residue (Table 2 ; Supplementary Figure S3C ). The binding of ATP in the presence of DNA was largely restored in F507W (Table 3 ; Supplementary Figure S3D ) leading us to hypothesize that the presence of an aromatic residue at this position in motif IV is critical for interaction with both ATP and DNA. Further, the presence of phenylalanine is needed for maintaining the conformation of the protein.
Motif V determines the catalytic efficiency of the protein
Bioinformatic analysis enabled us to identify the conserved sequences of motif V. In SMARCAL1 family, this sequence consists of SITAAN as opposed to STRAAG sequence generally present in other SWI2/SNF2 members ( Figure 2A ). The serine (S558) and threonine (T560) of SITAAN sequence were mutated to alanine.
The purified mutant proteins, S558A and T560A, were able to hydrolyze ATP ( Figure 2B) ; however, calculation of the kinetic parameters showed that the K M for DNA was approximately 3-fold higher for the mutant proteins as compared with the wild-type protein ( Figure 2C ; Table 1 ). Though the k cat was not significantly altered as compared with the wild-type protein, the catalytic efficiency of both the mutant proteins was approximately 3-fold lower than the wild-type protein, indicating the importance of the motif V residues in ATP hydrolysis ( Table 1) .
CD studies showed that the secondary structure of both S558A and T560A was altered as compared with the wild-type protein both in the absence and presence of ligands ( Figure 2D-G) . Binding parameters showed that S558A was able to bind to the DNA in the absence of ATP with an affinity comparable to the wild-type protein (Table 2 ; Supplementary Figure S4A) . However, the interaction of this mutant protein with DNA in the presence of ATP was approximately 3-fold weaker as compared with the wild-type protein (Table 2 ; Supplementary Figure S4A ). On the other hand, T560A was able to bind to DNA both in the absence and presence of ATP with a 2.5-fold higher affinity 0.98
0.99
Interaction with ATP in the presence of DNA ADAAD* (0.14 + − 0.03) × 10
0.98 as compared with the wild-type protein (Table 2 ; Supplementary Figure S3B) . Further, the interaction of both S558A and T560A with ATP in the absence of DNA was similar to that of the wild-type protein (Table 3) . However, S558A interaction with ATP in the presence of DNA was 2.5-fold weaker while the interaction of T560A with ATP in the presence of DNA was similar to that of the wild-type protein (Table 3 ; Supplementary Figure S4C and D), suggesting that S558 but not T560 may be required for interaction with ATP in the presence of DNA.
Thus, based on these results, we conclude that S558 and T560 of motif V are required for interaction with DNA by maintaining the secondary structure conformation of the protein. S558A mutation results in a conformation that mediates weaker interaction with DNA in the presence of ATP while T560A mutation leads to a conformation that supports tighter interaction with DNA both in the absence and presence of ATP. In addition, S558 might also be dictating the interaction with ATP in the presence of DNA. Thus, mutations in S558 and T560 ultimately result in mutant proteins that hydrolyze ATP with altered kinetics.
The conserved residues of motif VI are needed for conformational integrity and for interaction with DNA in the presence of ATP Studies using eIF4A, a SF2 family RNA helicase, has shown that motif VI is required for both RNA binding and ATP hydrolysis [20] . This motif is also believed to mediate both interlobe and intralobe communication [21] . Bioinformatic analysis identified the conserved residues DRAHRIGQ of motif VI in SWI2/SNF2 proteins ( Figure 3A ). This analysis showed that two arginines (R592 and R595 in ADAAD) are absolutely conserved in the SWI2/SNF2 proteins ( Figure  3A) . It should be noted that these two arginines are also conserved in other SF1 and SF2 helicases [12] .
The ATPase assay showed that the mutant R592A was unable to hydrolyze ATP ( Figure 3B ). CD spectroscopy showed that the structure of the protein was slightly altered in the absence of ligands and prominently altered in the presence of the ligands (Figure 3C,D) . Binding studies showed that the interaction with DNA was unaltered in the absence of ATP but was 2-fold weaker in the presence of ATP (Table 2 ; Supplementary Figure S5A) . Further, the interaction with ATP was unaltered in the absence and presence of DNA (Table 3 ; Supplementary Figure S5B) . Thus, R592 is required only for maintaining the conformational integrity of the protein and the loss in ATPase activity can be solely attributed to the weaker interaction with DNA in the presence of ATP due to loss in secondary structure conformation.
Next, the role of H594 was analyzed. The mutant showed 20% residual ATPase activity ( Figure 3B) ; however, the kinetic parameters indicate that both the K M and the V max were altered resulting in a catalytically inefficient protein ( Figure 3E ; Table 1 ). The protein conformation as compared with the wild-type protein was altered both in the absence and presence of ligands ( Figure 3F,G) . H594-DNA interaction was unaltered as compared with wild-type ADAAD-DNA interaction in the absence of ATP (Table 2 ; Supplementary Figure S5C) . However, the interaction between the mutant protein and DNA was 2-fold weaker as compared with ADAAD-DNA interaction in the presence of ATP (Table 2 ; Supplementary Figure S5C) . The H594A-ATP interaction was similar to the wild-type ADAAD-ATP interaction both in the absence and presence of DNA (Table 3 ; Supplementary Figure S5D) . Thus, the altered conformation after H594A mutation results in weaker protein-DNA interaction in the presence of ATP that possibly leads to catalytically inefficient protein.
Next, R595 was mutated to a neutral amino acid alanine (R595A) as well as to positively charged amino acid lysine (R595K). Both R595A and R595K were unable to hydrolyze ATP ( Figure 4A ). CD analysis showed that the conformation of the two mutants was altered with respect to the wild-type protein both in the absence and presence of ligands, suggesting that the loss in ATPase activity could be due to altered protein conformation ( Figure 4B-E) .
To understand whether the loss in the secondary structure conformation resulted in altered interaction with ligands, binding studies were performed. The interaction of the arginine mutant proteins with DNA was unchanged as compared with the wild-type protein in the absence of ATP (Table 2 ; Supplementary Figure S6A and C). Further, in the presence of ATP, DNA binding was 2-fold less than the wild-type protein in case of both R595A and R595K (Table 2 ; Supplementary Figure S6A and C). However, the mutant proteins were able to bind to ATP in the absence and presence of DNA with the same K d as the wild-type protein (Table 3 ; Supplementary Figure S6B and D), once again indicating that the conformational change in the mutant proteins results in impaired interaction with DNA in the presence of ATP possibly leading to loss in ATPase activity.
Motif VI and motif II possibly do not form a salt bridge
The formation of a salt bridge between the conserved histidine of motif VI and aspartate of motif II has been shown in SF2 helicases [21] . This salt bridge is important for interlobe communication and consequently, for the function. In case of SWI2/SNF2 proteins, the histidine present in motif VI present in eIF4A is replaced by aspartate. Further, the last aspartate of motif II (DEAD) is replaced by a histidine (DEXH) in SWI2/SNF2 proteins (Supplementary Figure  S7) . In the crystal structure of SsoRad54, the RecA-domain 2 is flipped 180
• in comparison with other helicases [9] . We hypothesized that in the absence of ligands, due to the flipping of the domains, salt bridge formation between motif VI and II is not possible. However, if salt bridge formation is important for ATP hydrolysis as in the case of other helicases, then the aspartate of motif VI and histidine of motif II might interact in the presence of the ligands (Supplementary Figure S7) .
A single mutant D591H as well as the double mutant H329D/D591H in ADAAD was created where D591 is present in motif VI while H329 is present in motif II and as per the hypothesis, these residues should be forming a salt bridge. Further, D591H should not be able to hydrolyze ATP but the ATPase activity should be restored in the case of the double mutant H329D/D591H. As expected, D591H was unable to hydrolyze ATP ( Figure 5A ). Contrary to our expectation, H329D/D591H also did not possess ATPase activity ( Figure 5A ). CD analysis showed that the structure of the mutant proteins was altered as compared with the wild-type protein both in the absence and presence of the ligands ( Figure 5B,C) . Binding analysis showed that the interaction with DNA was unaltered in the absence of ATP; however, DNA binding was impaired in both D591H as well as with the double mutant H329D/D591H in the presence of ATP (Table 2 and Supplementary Figure S8A and C) . Moreover, ATP binding was unchanged for both D591H and H329D/D591H mutant in the absence and presence of DNA (Table 3 and Supplementary Figure S8B and D) . From these results we hypothesized that D591 was required for maintaining structural conformation and possibly for interaction with DNA in the presence of ATP. As the conformation as well as ATPase activity was not restored in the double mutant, we could not find any evidence that D591 makes a salt bridge with H329 in ADAAD either in the absence or presence of ligands. F507A/R592A double mutant shows that the residues of motif VI play a more important role in ADAAD
In the crystal structures of SF2 helicases, the conserved phenylalanine of motif IV has been shown to stack on the conserved arginine of motif IV. In Ded1, the phenylalanine of motif IV has been shown to play a more important role than arginine [32] .
The stacking interaction in case of SWI2/SNF2 proteins has not been reported in the available crystal structure [7, 9] . Therefore, to probe whether this interaction exists in ADAAD, F507 (motif IV) and R592 (motif VI) were mutated to create a double mutant as these residues correspond to the residues reported to form cation-π interaction [32] .
The double mutant F507A/R592A was also unable to hydrolyze ATP ( Figure 5D ). The secondary structure analysis showed that the structure of the mutant protein F507A/R592A was altered as compared with the wild-type protein both in the absence and presence of the ligands (Figure 5E,F) . Binding studies showed that the interaction with DNA in the absence of ATP in the double mutant F507A/R592A was similar to the wild-type protein but the interaction with the DNA in the presence of ATP was approximately 3-fold weaker as compared with the wild-type protein (Table 2 ). This interaction was approximately similar to the interaction of R592A with DNA in the presence of ATP, suggesting that R592 might be the critical determinant in the interaction with DNA in the presence of ATP (Table  2 and Supplementary Figure S8E) . A similar result was obtained when the interaction with ATP in the presence of DNA was studied wherein the interaction parameters of F507A/R592 was comparable to R592A-ATP interaction (Table 3 and Supplementary Figure S8F) . Thus, in ADAAD, unlike Ded1, the arginine of motif VI appears to dictate the conformation of the protein as well as its interaction with the ligands.
Mutations in RecA-like domain 2 do not alter the conformational stability of the protein
One of the overwhelming features of all the mutations presented till now is the alteration in the conformation of the protein in the absence of the ligand. The question that we addressed next was whether these mutations alter the stability of the protein or whether they impact only the conformational integrity. To answer this question, thermal denaturation studies were performed with all the mutants. The present study showed that the T m of the mutant protein was similar to the wild-type protein indicating that the conformational stability of the proteins has not been impacted by the mutations (Figure 6 ). Thus, the conserved residues present in motifs IV, V, and VI are involved only in maintaining the conformational integrity and not the conformational stability.
The DNA damage response pathway is impaired in the SIOD-associated mutant R820H
Mutations in SMARCAL1 is associated with SIOD. The mutation R820H has been found in patients with SIOD [29] . This mutation maps to motif VI and the residue R820 corresponds to R595 of ADAAD. To understand how mutation of arginine to histidine affects ATPase activity of the protein, R595H mutation was made in ADAAD.
The mutated protein was unable to hydrolyze ATP ( Figure 7A ) and CD spectroscopy showed that the secondary structure of the mutant protein was altered as compared with the wild-type protein both in the absence and presence of ligands ( Figure 7B,C) . Interestingly, while the secondary structure of wild-type ADAAD was changed in the presence of ligands (Supplementary Figure S9A) , the secondary structure of the mutant protein was similar both in the absence and presence of ligands indicating that the conformational change required for ATP hydrolysis did not happen when R595 was mutated to histidine (Supplementary Figure S9B) . Thermal denaturation experiment showed that the conformational stability of the mutant protein was similar to that of the wild-type protein ( Figure 7D) .
Binding studies showed that the interaction of DNA in the presence of ATP was altered as compared with the wild-type protein indicating that the altered secondary structure possibly results in weaker interaction with DNA in the presence of ATP (Tables 2 and 3 ; Supplementary Figure S9C and D) . Further, the conformational change associated with ligand binding does not occur in R595H mutant, thus resulting in an inactive protein.
SMARCAL1 mediates DNA damage response by modulating the expression of BRG1 as well as of the RNAi genes (DROSHA, DGCR8, and DICER) on doxorubicin-induced double-strand breaks [33] . The up-regulation of RNAi genes results in synthesis of noncoding RNA (ncRNA) that is required for the formation of 53BP1 foci [33] . We, therefore, asked how R820H mutation in SMARCAL1 affects the 53BP1 foci formation on doxorubicin-induced double-strand breaks. The mutation R820H was introduced into the human SMARCAL1 gene using site-directed mutagenesis. HeLa cells were transfected with ShRNA directed against the 3 -UTR of SMARCAL1 so that the endogenous production of SMARCAL1 was down-regulated. These cells were cotransfected either with vector alone or with construct expressing wild-type SMARCAL1 or construct expressing K464A mutant gene [30] , or construct expressing R820H mutant gene. After 36 h, cells were treated with doxorubicin for 10 min and the expression of SMARCAL1, BRG1, and the RNAi genes were evaluated. The expression of the genes was up-regulated only when HeLa cells were cotransfected with ShRNA and wild-type construct implying that the mutated gene was not able to mediate transcriptional regulation of these genes ( Figure 7E ). The K464A mutant was used as control as it has been previously shown to be defective in ATPase activity [24, 30] .
Next, the ability to form ncRNA for the formation of 53BP1 foci was studied. HeLa cells were treated with doxorubicin for 10 min and 53BP1 foci were observed by immunochemistry (Supplementary Figure S9E) [34] . The foci were abolished if treated with RNase indicating RNA was critical for the formation of the foci (Supplementary Figure S9E ) [34] . The foci formation was restored if ncRNA purified from cells cotransfected with ShRNA along with wild-type SMARCAL1 construct, indicating SMARCAL1 was able to support the formation of 53BP1 foci ( Figure 7F ). However, ncRNA purified from cells transfected with ShRNA along with vector alone or from cells transfected with ShRNA along with either the gene carrying the K464A mutant or R820H mutant was unable to restore the formation of 53BP1 foci, indicating DNA damage response was impaired when cells carried this mutation ( Figure 7F ).
Discussion
The SWI2/SNF2 proteins contain an ATPase domain that mediates hydrolysis of ATP. Structurally, this domain is further subdivided into RecA-like domain 1 and RecA-like domain 2 [7, 9] . Previously we had shown that the amino acid residues present in motifs of RecA-like domain 1 of bovine homolog of SMARCAL1, ADAAD, are required for interaction of the protein with DNA, and thus, for ATP hydrolysis [25] . The functional importance of the motifs present in the RecA-like domain 2 has not yet been delineated and therefore, we have focused on the characterization of motifs IV, V, and VI present in this domain.
The crystal structure of Sulfolobus solfatricus Rad54 has shown that the RecA-like domain 2 in the SWI2/SNF2 proteins is needed either for ATPase activity or for maintaining the proper orientation of the protein in the presence of ATP. Thus, mutations in this domain are hypothesized to either impair ATPase activity or prevent the correct orientation of the protein in the presence of ATP to allow for ATP hydrolysis [9] . Further, in case of DEAD protein, it has been proposed that the residues of the domain 2 possibly couple the conformational changes on ATP binding to RNA binding [35] .
The biochemical results presented in the present study show that the three motifs present in the RecA-like domain 2 are indeed essential for the interaction with DNA in the presence of ATP as well as for structural integrity. Interestingly, the mutations in these motifs do not impact the stability of the protein. Thus, the conserved residues present in RecA-like domain 2 appear to function as a molecular anchor to maintain the conformation of the protein without affecting the stability/folding of the protein. Further, as in the case of DEAD-box containing helicases, the motifs present in this domain seem to couple the conformational changes that occur on ATP binding to DNA binding.
The motif IV contains a conserved phenylalanine residue preceded by two hydrophobic residues in SF2 helicases. Though, the motif IV of SF2 helicases been shown to be important for DNA-stimulated ATPase activity in Rad54 from Sulfolobus solfatricus [9] , the role of the phenylalanine or the other conserved hydrophobic residues have not be characterized in these proteins. This conserved phenylalanine in Ded1 protein, which belongs to the SF2 subfamily RNA helicases, has been shown to be important for RNA binding in the presence of ATP, thus, linking RNA binding to ATP hydrolysis [32] . However, in Ded1, the phenylalanine cannot be replaced by tryptophan, indicating preference not for aromaticity but for a particular amino acid at this position [32] . In contrast, in ADAAD, the presence of an aromatic residue in motif IV at position 507 is essential for ATP hydrolysis. Thus, the phenylalanine could be replaced with tryptophan yielding a catalytic active protein albeit with altered kinetics. Previously, we had shown that the interaction of ADAAD with ATP was through the adenine moiety [25] . Based on the biochemical data presented in the present study, we propose that the interaction of ATP in the presence of DNA with the protein might involve π-π interaction between the adenine ring of ATP and phenylalanine. However, we cannot rule out an indirect interaction as the motifs I, Ia, II, and III have been also shown to be sufficient for interaction of ATP with the protein both in the absence and presence of DNA [25] .
The motif V has been shown to interact with the sugar-phosphate backbone of nucleic acids in UvrB, UL5, and NS3 proteins [18, 36, 37] . Further, in UL5, the motif V has been shown to be important for ATPase activity; mutations reduced but did not abolish the activity of the protein [36] . The importance of this motif has also been studied in Snf2 protein where deletion of motif V was shown to impact viability of yeast cells [23] . In contrast with these studies, in ADAAD, mutations in motif V result in approximately 3-fold higher K M (weaker interaction with DNA) and 3-fold lower catalytic efficiency. The weaker interaction as observed by the K M values was corroborated by the K d values in case of S558A, suggesting that this residue is important for interaction with DNA in the presence of ATP. However, in case of T560A, the K d data show that the interaction of the mutant protein with DNA is approximately 3-fold tighter as compared with the wild-type protein-DNA interaction both in the absence and presence of ATP, suggesting that this residue is critical for determining the rate of catalysis. Thus, in ADAAD, motif V is important both for interaction with DNA as well as for catalysis, possibly by maintaining the secondary structure of the protein. It needs to be noted that in the previous studies the motif V was deleted [23] . In addition, there is considerable difference between the amino acids present in motif V of SMARCAL1/ADAAD as compared with other family members (see Figure 2A) . Thus, the variations observed between Snf2p and ADAAD could be a combination of these two factors.
The positively charged residues of motif VI are important for the structural integrity of the protein. The loss of conformation results in weaker interaction with DNA in the presence of ATP and therefore, loss of ATPase activity.
The biochemical studies performed in SF2 helicase members like UvrB, HCV, and eIF4A have shown a salt bridge formation between motif VI present in RecA-like domain 2A and motif II present in RecA-like domain 1A [17, 21, 38] . In these RNA helicases the first amino acid of motif VI, glutamine in case of UvrB and HCV and histidine in case of eIF4A, forms a salt bridge with the second aspartate of motif II. These residues are termed as "gatekeepers" [22] . However, such a salt bridge could not be detected in ADAAD as the double mutant H329D/D591H did not show any ATPase activity. This could be due to the fact that the RecA-like domain 2 is flipped out 180
• in comparison with other helicases and the orientation in the presence of the ligands does not permit any interaction between the two domains [9] . It is also possible that the alterations caused by mutation in RecA-like domain 2 is not compensated by a mutation in RecA-like domain 1 and therefore, the double mutant protein possesses an altered secondary structure that precludes the formation of the salt bridge. This type of behavior has been reported for NS3 protein from Hepatitis C virus where similar double mutant was unable to hydrolyze ATP [22] . However, it should be noted that our studies just indicate that D591 and H329 are not forming a salt bridge; it is possible that other residues of the motif or other motifs are involved in this type of interaction.
The intralobe communication has been predicted to involve cation-π interaction particularly between the phenylalanine residue of motif IV and arginine residue of motif VI [32] . With Ded1, it was observed that the phenylalanine was playing a more important role than the arginine [32] . In contrast, our studies suggest that the arginine of motif VI plays a more important role as the double mutant shows the characteristics of the arginine mutant rather than the phenylalanine mutant.
Our biochemical studies indicate that the interaction of DNA with ADAAD is mediated by all the motifs present in the two RecA-like domains, thus, confirming the structural studies done with SF2 helicases. However, none of the conserved helicase residues, except F507 and S558, appear to be essential for interaction with ATP. It is possible that multiple motifs are involved in the interaction and thus, simultaneous disruption might yield information about the residues making contacts with ATP. In case of F507 present in motif IV, a 3-fold decrease in ATP binding could be observed in the presence of DNA indicating that this residue is directly involved via π-π interaction or indirectly involved in binding to ATP corroborating the studies done with DNA helicases [39, 40] .
Thus, the biochemical studies presented in the present study highlight the similarities and differences observed between ADAAD and other DNA/RNA helicases. Mutations in the human homolog of ADAAD, SMARCAL1, is associated with Schimke Immuno-Osseous Dysplasia wherein many of the mutations have been mapped to the Rec A-like domain 2 [29] . In particular, one of the mutations, R820H, corresponds to R595 present in motif VI of ADAAD. Our results show that the R820H mutant was unable to support DNA damage response as the ATPase activity of the protein was impaired and therefore, the ability to synthesize ncRNA required for 53BP1 foci formation was affected. Thus, our studies provide a biochemical basis to the pathophysiology associated with mutations in SMARCAL1.
